Recombinant proteins were expressed as soluble secreted ectodomains by transient transfection of mammalian HEK293E or HEK2936E cell lines, as previously described (1-3).
tag and either a biotinylatable sequence (baits) or a rat cartilage oligomeric matrix protein (COMP) peptide, which forms pentamers, and a β-lactamase enzyme tag (preys). The human proteins used in this study were expressed as baits and are numbered, in Figure 2a , as described in Table S1 and (4) . The ectodomain sequences for the TRAP constructs were codon-optimised for mammalian expression and serine or threonine residues in the context of predicted N-linked glycosylation sites were mutated to alanine as described (5) . Integrins were expressed as bait proteins by co-transfecting plasmids containing the α-and β-subunit ectodomains. Secretion of heterodimeric integrins is dependent on the presence of the β-subunit (4, 6, 7) and so to ensure the integrins were expressed as a heterodimer, only the α-subunit was tagged. Bait proteins were biotinylated during expression by co-transfection with a plasmid encoding a secreted form of the E. coli biotin ligase, BirA (2) .
Discrete domains of the TRAP ectodomain were produced by amplifying the regions of sequence from the full length ectodomain sequence of TRAP, based on domain boundaries determined in the crystal structure of TRAP (8) . PCR primers included 5' NotI and 3' AscI restriction sites to facilitate cloning of the amplified sequences into bait or prey vectors. Sitedirected mutagenesis to make mutations at key residues in the TRAP ectodomain was carried out using PCR primers including the desired nucleotide change and KOD Hot Start DNA Polymerase, according to the manufacturer's instructions.
For surface plasmon resonance and flow cytometry experiments His-tagged proteins were purified from HEK293E or HEK2936E cell culture supernatants using Ni 2+ -NTA agarose as described (9) . Recombinant proteins were resolved, by SDS-PAGE, on a 4-12% Bis-Tris precast polyacrylamide gel and were stained with colloidal Coomassie blue.
Protein interaction assays
Avidity-based extracellular interaction screening (AVEXIS) was carried out as previously described (2, 10) . Proteins were normalised, either by ELISA (for baits) or their β-lactamase activity (for preys) to levels previously determined for identification of interactions with a low false positive rate. Bait proteins which had previously been dialysed against PBS were immobilised in the wells of a streptavidin-coated 96-well plate for 1 hour at room temperature. After a wash step, prey proteins were added to the wells and incubated at room temperature for 1 hour. After a further wash, 60 µL of nitrocefin substrate, at 125 µg/mL, was added and the hydrolysis products were quantified by measuring the absorbance at 485 nm on a PHERAstar Plus plate reader (BMG Labtech). In binding assays where EDTA or the cyclic peptide cyclo[Arg-Gly-Asp-D-Phe-Val] (cycloRGDfV) (Enzo Life Sciences) were used to block interactions, serial dilutions of the blocking reagent were preincubated with the prey proteins prior to addition to the baits.
Heterodimeric integrins were not expected to adopt an active conformation if expressed with the pentamerising COMP peptide sequence and so avid enzyme-tagged integrin "prey" complexes were formed by clustering biotinylated integrins around a streptavidin-alkaline phosphatase conjugate which was then used to probe biotinylated bait proteins immobilised in the wells of a streptavidin coated 96-well plate. Complete occupation of all biotin binding sites in the streptavidin-alkaline phosphatase conjugate by monomeric integrins, with no excess monomeric integrin was determined by ELISA, as the minimum dilution of biotinylated integrin which resulted in no excess of the monomer.
Surface plasmon resonance
The biophysical characteristics of protein interactions were determined using surface plasmon resonance using a BIAcore T100 instrument and the Biotin CAPture kit (GE Healthcare 
Gene targeting using CRISPR/Cas9
HepG2 cells were transduced with lentivirus encoding the Cas9 protein prepared from the pKLV2-EF1a-Cas9Bsd-W plasmid and 8 μg/mL polybrene infection reagent, as previously described (11) . Transduced cells were selected using 20 μg/mL blasticidin two days after transduction and were subsequently maintained as a polyclonal population in DMEM/F12 media supplemented with 10% FBS, 1% penicillin/streptomycin and 20 μg/mL blasticidin, at 37°C, 5% CO 2 and 70% humidity. To target individual genes, the corresponding gRNA from the CRISPR library (11) were cloned into the BbsI site of the lentiviral CRISPR gRNA expression vector (pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W (Addgene plasmid #67974)
and lentivirus produced as previously described (11) . 1 x 10 6 cells were transduced with the lentivirus and 8 μg/mL polybrene infection reagent for at least 24 hours. Gene targeted cells were selected using 1 μg/mL puromycin and were cultured for at least 8 days before use in protein binding assays. were obtained from the KOMP repository (UC Davis). Transfection of P. berghei was performed essentially as described (14) . Briefly, an overnight schizont culture was prepared from a mouse infected with a transgenic parental P. berghei line expressing GFP and luciferase (GFP-Luc) (15) by culturing 1mL of infected blood in 50mL schizont media (RPMI 1640 medium containing 2mM L-glutamine and 25mM HEPES (Gibco), supplemented with 24mM NaHCO 3 , 100U/mL penicillin/streptomycin (Gibco) and 25% FBS) in an atmosphere of 1% O 2 , 3% CO 2 , 96% N 2 and incubated overnight at 37°C. Schizonts were pelleted and layered onto a 55% Nycodenz(Sigma)/PBS (v/v) cushion, centrifuged at 300g for 20 minutes, removed, washed, and resuspended in 18μl P3 Primary Cell 4D-Nucleofector transfection reagent (Lonza) and 5μg of plasmid DNA before transferred to a 16-well Nucleocuvette Strip and electroporated using an Amaxa 4D-Nucleofector electroporator, programme FI-115. Electroporated parasites were immediately injected intravenously into the tail vein of BALB/c mice. Two rounds of selection was performed using 7mg/mL pyrimethamine (Sigma) before cloning transgenic parasites by limiting dilution. Marker-free parasite lines were selected by removing the selection cassette (hdhfr-yFCU) by adding 1 mg/mL the prodrug 5-fluorocytosine (5FC) (Sigma) to the drinking water 24 hours post infection (16) . Parasitaemia was monitored from day five post infection and once it had reached 1%, the blood was collected and used for genotyping and re-cloning.
Generation
In vivo phenotyping of transgenic P. berghei parasites P. berghei infected mice were anaesthetised and Anopheles stephensi mosquitoes allowed to feed for no more than 20 minutes. Ten days postinfection, mosquitoes were anaesthetised with CO 2 , transferred to ice, midguts dissected in PBS, transferred to a glass slide, and GFP-positive parasites quantified using images taken by fluorescence microscopy and automated counting using ImageJ software. Sporozoites were quantified twenty-one days post-infection by anaesthetising mosquitoes with CO 2 , transferring to ice, selecting infected mosquitoes fluorescence microscopy, and dissecting salivary glands in PBS. Sporozoites were released by homogenising the salivary glands with a micropestle, centrifuged at 100g
for 5 minutes to pellet salivary gland debris and sporozoites counted using a haemocytometer. Mice were infected with sporozoites either by injecting 20,000 sporozoites intravenously or by mosquito bite. Blood stage parasitaemia was monitored daily from day three by Giemsa-stained thin blood smears. Parasitaemia was expressed as a percentage of infected red blood cells per total red blood cells. For each smear at least 1000 red blood cells were counted and parasitaemia was used for growth curves.
P. berghei live sporozoite gliding assays
Glass coverslips were pre-coated with 10 μg/mL anti-CSP antibody (3D11) in PBS at room temperature overnight. Coverslips were washed with PBS. Sporozoites were dissected into 3% BSA-RPMI and counted. Sporozoites were diluted and added to coverslips at a density of 10,000 per coverslip. Sporozoites were allowed to glide for three hours in a 37°C, 5% CO 2 incubator. Sporozoites were fixed with 4% formalin, washed with PBS, and then stained with 10 μg/mL anti-CSP Cy3-labelled antibody. Coverslips were washed and mounted on microscope slides with VectaShield Hard Set mounting media. Sporozoites were visualised using a Leica DMi8 microscope fitted with a 100X objective.
P. berghei in vitro HepG2 invasion and exoerythrocytic formation assay
HepG2 cells were plated onto collagen-coated (Corning #354236) glass coverlips in 24 well plates the day before infection. Sporozoites were dissected into cold Leibovitz's medium containing 10x penicillin-streptomycin (Corning #30-002), 1x amphotericin B (Corning #30-003), and 1 ug/mL mycamine (Astellas Pharma). Sporozoites were counted and diluted into warm infection medium containing 1x DMEM (Corning #10-013), 1x penicillin-streptomycin, 1x L-glutamine (Corning #25-005) and 10 % heat inactivated FBS (Biowest #S1520).
Sporozoites were spun onto HepG2 cells at a density of 100,000 per well by centrifugation at 300g for 5 mins at room temperature, then incubated at 37°C and 5% CO 2 for two hours to allow for invasion. Media was changed and invaded parasites allowed to develop for a total of 24 hours. Exoerythrocytic forms were detected by immunofluorescence assay. Parasites were fixed in 4% formalin, permeabilized in ice cold methanol, washed with PBS, then incubated in 1% BSA in PBS to block. Staining was performed with 10 µg/mL mouse monoclonal anti-HSP70 in 1% BSA followed by goat anti-mouse AlexaFluor 488 (Molecular Probes #A11029) at 1:1000 in 1% BSA. Nuclei were stained with Hoechst 33342 (Thermo Scientific #62249) and coverslips were mounted using Prolong Gold Antifade mountant (Molecular Probes #P10144). Exoerythrocytic forms were manually quantified using a Nikon Eclipse E600 microscope fitted with a Nikon 40x oil objective.
P. falciparum in vitro HepG2 invasion assays
Sporozoites were dissected into cold Leibovitz's medium (Gibco #114514-064) then diluted into warm RPMI 1640 medium (Gibco # 22400089) containing 10 % heat-inactivated fetal bovine serum (Biowest #S1520). Sporozoites were spun onto cells by centrifugation at 300g
for five minutes at room temperature, then incubated at 37 °C and 5 % CO 2 for two hours to allow for invasion. Experiments with HepG2 cells and anti-integrin αv (Millipore Sigma #MABT207) or mouse monoclonal isotype-matched control antibodies were performed essentially as above but with pre-incubation of HepG2 cells with antibodies at 100 µg/mL for were performed as above, but with pre-incubation of sporozoites with soluble integrin at 200 nM for ten minutes at 25°C prior to addition to cells. 
Intravital video microscopy of P. falciparum sporozoites in mouse skin
Fluorescent P. falciparum sporozoites expressing tdTomato under the PEG4 promoter (a kind gift from Kyle McLean, Judith Straimer and David Fidock) were inoculated into the ear pinna of mice and imaged as described previously (17, 18) . Briefly, mice were anaesthetized by intraperitoneal injection of ketamine/xylazine (35-60 μg ketamine/gram body weight), and sporozoites were injected intradermally into the ear pinna in a total volume of 0.2 μl using a NanoFil-10 μl syringe with a NF33BV-2 needle (World Precision Instruments). All sporozoite injections were completed within 30 minutes of salivary gland dissection to ensure that imaging and parasite conditions remained constant. The ear pinna was taped to a coverslip and the mouse was mounted on the platform of an inverted Zeiss Axio Observer Z1 microscope with a Yokogawa CSU22 spinning disk and a preheated temperature controlled chamber at 30ºC. Parasites were imaged with a 10× objective and magnified using a 1.6
Optovar, resulting in an x and y imaging area of 500 μm × 500 μm. Stacks of three slices 
Image processing and track analysis
Time-lapse stacks with 3-5 slices spanning a total time of four minutes were projected into a single z-layer and the resulting two-dimensional data set was exported as tiff files. Fiji software, which is freely available (https://fiji.sc), was used to remove background and threshold the images. The thresholded time series was analyzed using ICY 1.8. 
